Transcription activator-like effectors (TALEs) bind DNA through an array of 24 tandem 34-residue repeats. Here, we examine the kinetics of DNA binding for a set of 25 TALE arrays with identical repeats of varying length (and repeat number) using single 26 molecule microscopy. Using a new deterministic modeling approach to test kinetic 27 models consistent with data, we find evidence for conformational heterogeneity in both 28 the free-and DNA-bound TALE arrays. We connect these results with previous work 29 
Abstract 23
Transcription activator-like effectors (TALEs) bind DNA through an array of 24 tandem 34-residue repeats. Here, we examine the kinetics of DNA binding for a set of 25 TALE arrays with identical repeats of varying length (and repeat number) using single 26 molecule microscopy. Using a new deterministic modeling approach to test kinetic 27 models consistent with data, we find evidence for conformational heterogeneity in both 28 the free-and DNA-bound TALE arrays. We connect these results with previous work arrays can populate partly folded or broken states 19 . 54
Consensus TALEs (cTALEs) are homopolymeric arrays composed of the most 55 commonly observed residue at each of the 34 positions of the repeat 19 . In addition to 56 simplifying analysis of folding and conformational heterogeneity, the consensus 57 approach simplifies analysis of DNA binding, eliminating contributions from sequence 58 heterogeneity and providing an easy means of site-specific labeling. 59
Here we characterize DNA binding kinetics of cTALEs using total internal 60 reflection fluorescence single-molecule microscopy. We find that consensus TALE 61 arrays bind to DNA reversibly, with high affinity. Analysis of the dwell-times of the on-62 and off-states reveals multiphasic binding and unbinding kinetics, suggesting 63 conformational heterogeneity in both the free and DNA bound state. Here we describe a 64 deterministic optimization analysis that supports such a model, and provides rate 65 constants for both conformational changes and binding. Comparing the dynamics 66 observed here to previously characterized local unfolding suggests that locally unfolded 67 states inhibit binding of short cTALE arrays (less than one full superhelical turn around 68 DNA), whereas they promote binding of long arrays (more than 1 full superhelical turn). 69
70

Results
71
cTALE design 72
Consensus TALE (cTALE) repeat sequence was design previously described 19 . 73
To avoid self-association of cTALE arrays, we fused arrays to a conserved N-terminal 74 extension of the PthXo1 gene. Although the sequence of this domain differs from a 75 TALE repeat sequence, the structure of this domain closely mimics four TALE 76 repeats 17, 20 and is required for full transcriptional activation 20 . In this study, all repeat 77 arrays contain this solubilizing N-terminal domain. 78 79 cTALE local instability promotes population of partly folded states 80 Figure 1A To ask if cTALE local instability is relevant for DNA binding kinetics, DNA binding 106 trajectories were measured using single molecule total internal reflection fluorescence 107 (smTIRF). Figure 2A shows a schematic of the smTIRF experiments performed to 108 measure DNA binding. For site-specific cTALE labeling, R30 is mutated to cysteine in a 109 single repeat. Position 30 is frequently a cysteine in naturally occurring TALEs (in earlier 110 folding studies, arginine was chosen in the consensus sequence to avoid disulfide 111 formation) 19 . This cysteine was Cy3 (FRET donor)-labelled using maleimide chemistry, 112
and was attached to biotinylated slides via the C-terminal His 6 tag and a-Penta•His 113 antibodies. At salt concentrations below 300 mM NaCl, cTALEs aggregate. Because 114 DNA binding is weak at high salt concentrations, measuring binding kinetics in bulk at 115 high salt is not possible. However, tethering cTALEs to the quartz slide at high salt 116 prevents self-association, even at the low salt concentrations required to study DNA 117 binding kinetics. A histogram of NcTALE 8 (8 NS-type repeats and the N-terminal 118 domain) labeled via a cysteine in the first repeat shows a single peak at zero FRET 119 efficiency, as expected for donor-only constructs (Figure 2B As expected for reversible complex formation, the peak at 0.45 FRET efficiency 129 can be competed away by adding mixtures of labeled and unlabeled DNA to pre-formed 130 cTALE-labelled DNA complexes (schematic shown in Figure 2E ; pre-formed complex 131 shown in Figure 2F , competition data shown in Figure 2G representative traces at 1 nM dsDNA to 15 nM dsDNA; Figure 3A and Figure 3B) . 152
Cumulative distributions generated from dwell times in the low FRET state at a given 153 DNA concentration are best-fit by a double-exponential decay, indicating a minimum of 154 two kinetic phases associated with binding events ( Figure 3C ). Cumulative distributions 155 generated from dwell times in the high FRET state are best-fit by a double-exponential 156 decay, indicating that there are a minimum of two kinetic phases for unbinding as well 157 ( Figure 3D ). 158
The rate constant for the fast phase in DNA binding shows a linear increase with 159 DNA concentration ( Figure 3E ), indicating that this step involves an associative binding 160 mechanism. The slope of these rate constants as a function of DNA concentration gives 161 a bimolecular rate constant of 5.9x10 8 nM -1 s -1 , close to the diffusion limit. The rate 162 constant for the slower phase (0.59 s -1 ) is independent of DNA concentration indicating 163 a unimolecular isomerization mechanism ( Figure 3E) . 164
In contrast, neither of the two fitted rate constants for transitions from high to low 165 given a binding mechanism, an associated set of rate laws, and a set of initial 234
conditions. Cumulative distributions of unbound dwell times represent the distribution of 235 times single molecules spent in the unbound state before transitioning into the bound 236 state, allowing us to split the kinetic scheme when fitting to single-molecule dwell times. 237
Among the various models tested, the model that is most consistent with the data 238 has two unbound DNA-free states and two DNA-bound states. This is consistent with 239 alternating laser experiments showing that DNA is only colocalized when cTALEs are in 240 the high FRET state ( Figure S1 ). This four-state model includes a TALE isomerization 241 step in the absence of DNA from a DNA-binding incompetent conformation (which we 242 refer to as TALE) to DNA-binding competent conformation (which we refer to as TALE*). 243
The DNA-binding competent TALE* conformer binds and unbinds DNA (called TALE* 244
when DNA free and TALE*~DNA when DNA-bound). Before unbinding, a fraction of 245 TALE*~DNA isomerizes to a longer-lived DNA-bound state called TALE ‡~D NA. 246
Based on this mechanism, the rate laws for binding are given in equations 1a -247 1d. 248
Since the single-molecule dwell-time histograms of the unbound states are insensitive 253 to the isomerization after DNA binding, the equation describing the time evolution of the 254 long-lived bound state (TALE ‡~D NA) is not relevant to our analysis of unbound-state 255
lifetimes. 256
To determine microscopic rate constants k 1 , k -1 , and k 2 , equations 1a-1c were 257 numerically integrated in Matlab, and the fraction of TALE*~DNA as a function of time 258 was fitted to the low-FRET cumulative distributions (NcTALE 8 ; Figure 5D TALE*~DNA were set to zero, and the initial fraction of TALE* was set to one. 265
Confidence intervals (CI) were estimated by bootstrapping (Table 1; mean and 68% CI  266 from 2000 or 8000 bootstrap iterations). 267
Rate laws for dissociation are given in equations 2a -2d 268
As with the system of equations above (1a-d), the equation describing the time 273 evolution of the binding-incompetent free state (TALE) is not relevant to our analysis of 274 bound-state lifetimes. 275
To determine microscopic rate constants k -2 , k -3 , and k 3 , equations 2a-2c were 276 numerically integrated in Matlab, and the fraction of TALE* as a function of time was 277 fitted to the high-FRET cumulative distributions (NcTALE 8 ; Figure 5F ) or to the low 278 colocalization cumulative distributions (NcTALE 16 ; Figure 5L ). Microscopic rate 279 constants were adjusted to reduce sum of the squared residuals between the 280 concentration of TALE* (the direct product of dissociation) as a function of time and 281 single-molecule cumulative distributions. In both cases, cumulative distributions at 282 different bulk DNA concentrations were fitted globally. The initial fraction of 283 TALE*~DNA conformer was set at one; all other initial fractions were set to zero. 284 Confidence intervals were estimated by bootstrapping (Table 1; The value of K eq, DNA-free , which is a measure of the equilibrium proportion of the 298 unbound TALE that is DNA-binding competent (TALE*) to that which is binding-299 incompetent (TALE), is larger for cTALEs with 8 repeats (K eq, DNA-free = 1.32) than for 300 cTALEs with 12 and 16 repeats (K eq, DNA-free = 0.11 and K eq, DNA-free = 0.61, respectively). 301
302
Discussion 303
By measuring DNA-binding kinetics of cTALE arrays that form 0.7, 1, and 1.4 304 superhelical turns, we probe the functional relevance of locally unfolded TALE states. 305
We describe a novel method to glean mechanistic details from complex single molecule 306 kinetics. In our simplified cTALE system, we find conformational heterogeneity in both 307 DNA free and DNA-bound states. We find that association is slowed in arrays 308 containing one full turn of repeats or more. Because most natural and designed TALEs 309 contain more than a full turn of repeats, this finding has important implications for design 310 of high affinity TALE molecules, suggesting that placement of destabilized repeats at 311 specific positions may increase activity. 312 313 cTALEs containing NS RVD bind DNA with high affinity 314 NS is an uncommon RVD in natural TALEs. Previous reports suggest that NS is 315 fairly nonspecific, but may bind with higher affinity than other common RVDs (NG, NI, 316 NN, and HD) 5 . Our fitted rate constants can be used to calculate the apparent K d (K app ) 317 calculated from using equation as follows: 318
where
Using fitted rate constants from Table 1 state. In this reaction scheme, the DNA-binding incompetent state can be regarded as 367 an off-pathway conformation that inhibits DNA binding ( Figure 6A) . 368
Because the 8 repeat cTALE array does not form multiple turns of a superhelix, 369 unfolding to bind DNA is not required. In the model in Figure 6 , the binding competent 370 state is the fully folded conformation, whereas the binding incompetent state includes 371 partly folded conformations. Consistent with this interpretation, increasing populations of 372 partly folded states through addition of 1M urea and through entropy enhancing 373 mutations decreases apparent binding rates of 8 repeat cTALEs ( Figure S6 ). This is 374 also consistent with a partly folded DNA-binding incompetent state in shorter cTALE 375
arrays. 376
For 12 and 16 repeat cTALE arrays, the DNA-binding incompetent state is more 377 highly populated than the DNA-binding competent state. In the model in Figure 6 , the 378 DNA-binding competent state is a high-energy conformation required for DNA binding 379 ( 
Materials and Methods 417
Cloning, expression, purification, and labeling 418 Consensus TALE repeat constructs were cloned with C-terminal His 6 tags via an 419 in-house version of Golden Gate cloning 24 . TALE constructs were grown in BL21(T1R) 420 cells at 37°C to an OD of 0.6-0.8 and induced with 1 mM IPTG. Following cell pelleting 421 and lysis, proteins were purified by resuspending the insoluble material in 6M urea, 300 422 mM NaCl, 0.5 mM TCEP, and 10 mM NaPO 4 pH 7.4. Constructs were loaded onto a Ni-423 NTA column. Protein was eluted using 250 mM imidazole and refolded during buffer 424 exchange into 300 mM NaCl, 30% glycerol, 0.5 mM TCEP, and 10 mM NaPO 4 pH 7.4. 425 Labelling of cTALE arrays followed a previously reported protocol 25 . NcTALE 8 426
and NcTALE 12 were labeled at residue R30C in the first repeat, while NcTALE 16 was 427 labeled at residue R30C in the fourteenth repeat. 1 mg protein was loaded onto 500 uL 428
NiNTA spin column. The column as washed with 10 column volumes of 300 mM NaCl, 429 0.5 mM TCEP, and 10 mM NaPO 4 pH 7.4. Tenfold molar excess Cy3 maleimide dye 430 was resuspended in 10 µL DMSO and added to column. The column was rocked at 431 room temperature for 30 minutes, then at 4°C overnight. Cy3-labeled protein was eluted 432 with 250 mM imidazole, 300 mM NaCl, 30% glycerol, 0.5 mM TCEP, and 10 mM NaPO 4 433 pH 7.4. Protein was stored in 300 mM NaCl, 30% glycerol, 0.5 mM TCEP, and 10 mM 434 NaPO 4 pH 7.4 at -80°C. each DNA concentration were selected and dwell times were determined by fitting as 462 previously described using HaMMy 27 for FRET in NcTALE 8 . Dwell times in NcTALE 12 463
and NcTALE 16 colocalization experiments are determined by using a thresholding 464 procedure for Cy5 excitation ( Figure S3 ). The algorithm used to identify low and high 465 emission states here is slightly different than previously described thresholding 466 algorithms 28 . To reduce the number of incorrectly identified transitions arising from 467 increased background and noise at higher Cy5-labeled DNA concentrations, a 468 thresholding algorithm with two limits was implemented (see Figure S3 ). All FRET and 469 colocalization data are well described by models with two distinct states (0.0 FRET and 470 ~0.45 FRET as well as low colocalization and high colocalization). Dwell times of the 471 same state (low versus high FRET or low versus high colocalization) for all traces at a 472 given DNA concentration are compiled, and cumulative distribution is generated with 473 spacing equal to imaging exposure time. 474
To determine apparent rate constants using model-independent analysis, 475 cumulative distributions were fitted with single and double exponential decays (Figure 3 
